INTRODUCTION {#S1}
============

The differential expression of chemokine receptors on T cells has been associated with their tissue migration and functional polarization.^[@R1]--[@R5]^ For example, CXCR5 on follicular helper T cells (T~FH~) mediates their homing to B-cell follicles, where they provide cognate help to support antigen-driven B cell clonal expansion and somatic hypermutation.^[@R6]^ Follicular B cells in turn promote the maintenance of T~FH~ cells via ICOS-ICOS ligand interaction^[@R7],\ [@R8]^, highlighting the importance of the reciprocal crosstalk between T and B cells. CXCL13 has been shown to be the major chemoattractant that directs follicular homing of B cells and T~FH~ cells that express its specific receptor CXCR5.^[@R9],\ [@R10]^ Under homeostatic conditions, CXCL13 is preferentially enriched within B-cell follicles of secondary lymphoid organs in mouse and human,^[@R11]^ mainly produced by follicular stromal cells including follicular dendritic cells.^[@R12]^ CXCR5-expressing CD8^+^ T cells have also been reported to reside in B-cell follicles of human tonsils and likely migrate in response to CXCL13.^[@R13]^

Recently, CXCR5^+^CD8^+^ follicular cytotoxic T cells (T~FC~) have been shown to express high levels of TCF1 and play a major role in controlling chronic LCMV viral infections in animal models.^[@R14]--[@R17]^ However, the coexpression of TCF1 and CXCR5 was not evident in tumor-infiltrating T lymphocytes in mouse fibrosarcoma tumor and human melanoma samples,^[@R17]^ suggesting that CXCR5 expression in CD8^+^ T cells may be differentially regulated in different disease settings. In addition, the frequency of CXCR5^+^CD8^+^ T cells in peripheral blood was inversely associated with viral load in HIV patients.^[@R16]^ The immunophenotypic features and transcriptional signatures of the mouse CXCR5^+^CD8^+^ T cells were similar to T~FH~ cells, early effector memory precursors, and "exhausted" T cells.^[@R14]--[@R16]^ CXCR5^+^CD8^+^ T cells have also been shown to be essential for the maintenance of self-tolerance via their regulatory function on T~FH~ activities.^[@R18]^ Whether CXCR5^+^CD8^+^ T cells play a role in human cancers is unclear.

In this study, we investigated the role of CXCR5^+^CD8^+^ T cells in human follicular lymphoma, the most common indolent non-Hodgkin lymphoma derived from germinal center (GC) B cells. Follicular lymphoma is characterized by aberrant accumulation of malignant GC B cells, mainly caused by overexpression of B cell leukemia/lymphoma 2 (BCL-2) along with other genetic abnormalities.^[@R19]^ The tumor microenvironment of follicular lymphoma consists of a variety of nonmalignant immune cells, including different T cell subsets (T~FH~, regulatory T cells, CD8^+^ T cells), macrophages, and follicular dendritic cells, all of which likely impact its pathogenesis and natural history.^[@R19]--[@R21]^ Here, we found that CXCR5^+^CD8^+^ T cells are more abundant in follicular lymphoma tumors compared with control tonsil samples. CXCR5^+^CD8^+^ T cells exhibited high cytotoxic activity, as evidenced by increased expression of IFN-γ, TNF-α, and granzymes, and displayed antitumor efficacy *in vitro* against human follicular lymphoma cells and in an experimental model of lymphoma. Moreover, they suppressed T~FH~ function. Consistent with this, the gene signature of CXCR5^+^CD8^+^ T cells was positively associated with overall survival in follicular lymphoma patients. Together, our results suggest that CXCR5^+^CD8^+^ T cells play an important role in the control of human follicular lymphoma.

MATERIALS AND METHODS {#S2}
=====================

Detailed materials and methods included in online supplemental materials.

RESULTS {#S3}
=======

Frequency and localization of CXCR5^+^CD8^+^ T cells {#S4}
----------------------------------------------------

Flow cytometric analysis of single cell suspensions of human follicular lymphoma tumors and tonsils revealed that the proportion of CXCR5^+^ T cells among CD8^+^ T cells was approximately 1.5-fold higher in follicular lymphoma specimens compared with those in tonsils (40.96 ± 18.11 % vs. 23.51 ± 16.01, p\<0.01) ([Figure 1a](#F1){ref-type="fig"}). Due to the differences in age between tonsil tissues (mostly from children) and follicular lymphoma (median age = 60), we cannot exclude the possibility that these differences are age-dependent. In contrast, CXCR5^+^CD8^+^ T cells were barely detectable in peripheral blood mononuclear cells (PBMCs) from both follicular lymphoma patients and healthy donors ([Figure 1a](#F1){ref-type="fig"}), results consistent with previous reports in mice.^[@R13]--[@R16]^

CXCR5 is required for lymphocytes to enter B-cell follicles, and the density of CXCR5 expression may determine the migration depth and/or residency of the lymphocytes within the follicle. In tonsils and follicular lymphoma samples, the proportion of CXCR5^+^ cells and CXCR5 fluorescence intensity in CD8^+^ T cells are much lower than in B cells and CD4^+^ T cells ([Figure 1b](#F1){ref-type="fig"}). Interestingly, confocal imaging analysis revealed co-localization of CXCR5 and CD8 markers in the mantle zone (MZ), but not in B-cell follicles in tonsil tissues ([Figure 1c](#F1){ref-type="fig"}). Similar findings were reported for mice with chronic viral infections, in which CXCR5^+^CD8^+^ T cells were observed in the outer layer of B-cell follicles in lymph nodes and spleens; however, those studies lacked precise subzone analysis.^[@R14]--[@R16]^ Of note, most CXCR5^+^CD8^+^ T cells are CD45RA^−^ and CCR7^−^ in follicular lymphoma and tonsil samples ([Figure 1b and d](#F1){ref-type="fig"}), indicating an effector/memory phenotype similar to those observed in CXCR5^+^ T~FH~^[@R22],\ [@R23]^ and previous studies.^[@R13]^ Collectively, these results suggest that CXCR5 expression on a subset of CD8 T cells is associated with their migration ability.

Phenotypic characterization and transcriptional profiling of CXCR5^+^CD8^+^ T cells {#S5}
-----------------------------------------------------------------------------------

To determine the functional differences among the three subsets of tonsillar CD8^+^ T cells (CD45RA^+^CXCR5^−^, CD45RA^−^CXCR5^−^ and CD45RA^−^CXCR5^+^), we performed phenotypic and transcriptional profiling in both tonsil and follicular lymphoma samples. Immunophenotypic analyses revealed that CXCR5^+^CD8^+^ T cells contain a larger proportion of cells that express inhibitory molecules associated with T cell "exhaustion",^[@R24]--[@R26]^ such as PD-1 (PDCD1), killer cell lectin-like receptor G1 (KLRG1), CD244, and Tim-3, than their CXCR5^−^ counterparts ([Figure 2a](#F2){ref-type="fig"} upper panel). These cells also expressed higher levels of markers associated with memory T cell development, such as CD27, CD28, and CD103; but reduced amount of CD127. These data collectively suggested that CXCR5^+^CD8^+^ T cells might represent a subset of effector cells that have acquired certain memory T cell characteristics. These results are consistent with transcriptional profiling and phenotypic analysis of murine CXCR5^+^CD8^+^ T cells that suggested that these cells are closely related to early effector memory or memory precursor cells.^[@R13],\ [@R14]^ This phenotypic profile, however, was not observed in similarly examined follicular lymphoma specimens, presumably because of altered microenvironmental triggers in follicular lymphoma tumors ([Figure 2a](#F2){ref-type="fig"} lower panel).

Identification of a gene signature of CXCR5^+^CD8^+^ T cells {#S6}
------------------------------------------------------------

To further identify genes that distinguish CXCR5^+^CD8^+^ T cells from other CD8^+^ T cell subsets, we performed RNA-Seq analyses in the three subsets purified from tonsil samples. Relative to CD45RA^+^CD8^+^ T cells, CXCR5^−^CD8^+^ T cells express 484 upregulated genes and 239 downregulated genes, while CXCR5^+^CD8^+^ T cells express 820 upregulated genes and 594 downregulated genes ([Supplementary Figure 1a](#SD2){ref-type="supplementary-material"}). After exclusion of similarly regulated genes in both subsets, we defined 788 (411 upregulated and 377 downregulated) and 97 (75 upregulated and 22 downregulated) genes that are differentially expressed in CXCR5^+^CD8^+^ T cells and their CXCR5^−^ counterparts, respectively ([Supplementary Figure 1b--d](#SD3){ref-type="supplementary-material"}). When the cutoff value is set as 4-fold change, 77 (33 upregulated and 44 downregulated) genes were selected among the 788 genes as signature genes for CXCR5^+^CD8^+^ T cells ([Supplementary Figure 1b](#SD2){ref-type="supplementary-material"} and [Figure 2b](#SD3){ref-type="supplementary-material"}). Gene Set Enrichment Analysis (GSEA) showed that this 77-gene signature was associated with enrichment of G-protein coupled receptor protein signaling, TLR signaling, and Wnt/Catenin pathways among others ([Supplementary Figure 1e](#SD2){ref-type="supplementary-material"}). Of note, CXCR5^+^CD8^+^ cells were more similar to T~FH~ cells than CXCR5^−^CD8^+^ cells by GSEA ([Supplementary Figure 1e](#SD2){ref-type="supplementary-material"}). The striking differences between CXCR5^−^ and CXCR5^+^ subsets are that the latter are more enriched in genes involved in cell mobility and viability, synapse formation, cytoskeleton transport, and cytotoxic capacity than CXCR5^−^ cells ([Supplementary Figure 1e](#SD2){ref-type="supplementary-material"}). Interestingly, we also observed higher expression levels of Jun, Fos, JunB and FosB in CXCR5^+^ cells compared with CXCR5^−^ cells ([Figure 2b](#F2){ref-type="fig"}). These transcription factor subunits dimerize to form activating protein 1 (AP-1), which is an upstream transcription factor that regulates differentiation and functions of effector cells including induction of cytokines and cytotoxic molecules.^[@R27]--[@R29]^ We also found that the two CD8^+^ T cells subsets showed differences in the expression of effector molecules such as granzymes and perforin, cytokine receptors, TLRs, and members of the tumor necrosis factor (TNF) superfamily and frizzled (FZD) family ([Figure 2c](#F2){ref-type="fig"}). High levels of AP transcription factor subunits (Jun, Fos, JunB and FosB) and effector proteins also likely imply that CXCR5^+^CD8^+^ cells play an active role against infection and tumor.^[@R30]^

CXCR5^+^CD8^+^ T cells are transcriptionally distinct {#S7}
-----------------------------------------------------

Analysis of the RNA-Seq data for transcription factors associated with development and function of CD8^+^ T cells showed that CXCR5^+^CD8^+^ T cells expressed higher levels of EOMES and ID3, but lower levels of TBX21 (T-bet), BCL6, ID2, LEF1, RUNX1, and RUNX2 compared to CXCR5^−^CD8^+^ T cells ([Figure 3a](#F3){ref-type="fig"}). The differential expression of EOMES, TBX21, LEF1, ID2, and RUNX2 was confirmed by quantitative PCR analysis ([Figure 3b](#F3){ref-type="fig"}) and probes used were listed in [Table 1](#T1){ref-type="table"}. The E-protein and ID protein regulatory axis is important for memory T cell generation and CXCR5 expression in both CD4^+^ and CD8^+^ T cells.^[@R16],\ [@R31]^ We found that CXCR5^+^CD8^+^ and CXCR5^−^CD8^+^ T cells express similar levels of ID3, E2A (encoded by Tcf3), and HEB (encoded by Tcf12), but ID2 amounts are significantly lower in the former population ([Figure 3a](#F3){ref-type="fig"}), consistent with findings in murine models.^[@R16]^ Wnt signaling molecules LEF-1 (encoded by *Lef1*) and TCF-1 (encoded by *Tcf7*), and RUNX proteins have been known to regulate T-cell fate.^[@R32]--[@R35]^ We found that LEF-1 is differentially expressed in the three T-cell subsets, with CD45RA^+^ being the highest, CXCR5^−^ being intermediate, and CXCR5^+^ being the lowest ([Figure 3a and b](#F3){ref-type="fig"}). Unlike previously reported results in mouse studies,^[@R14],\ [@R15]^ *Tcf7* transcripts are similarly expressed at lower level in human CXCR5^+^ and CXCR5^−^ T cells, in comparison to CD45RA^+^ population ([Figure 3a](#F3){ref-type="fig"}). RUNX proteins (1--3) are expressed at lower levels in CXCR5^+^ than those in CXCR5^−^ counterpart ([Figure 3a](#F3){ref-type="fig"}) and it was recently reported that Runx3-mediated Tcf7 repression coordinately enforced acquisition of cytotoxic functions and protected the cytotoxic lineage integrity by preventing T~FH~-lineage differentiation.^[@R36]^ It is unclear, however, whether the RUNX proteins are involved directly in regulating CXCR5^+^CD8^+^ T cell generation.

TGF-β induction of CXCR5 expression in CD8^+^ T cells {#S8}
-----------------------------------------------------

Downregulation of ID2 is essential for the generation of murine CXCR5^+^CD8^+^ T cells during chronic viral infection.^[@R16]^ ID2 transcription is induced by cytokines IL-2, IL-12 or IL-21 in T cells, and repressed by TGF-β in epithelial cells.^[@R31],\ [@R37]^ Furthermore, addition of TGF-β and IL-23 to human naïve CD4^+^T cells, following priming with anti-CD3/CD28 efficiently promoted the generation of CXCR5^+^ T~FH~-like cells ex-vivo.^[@R38]^ Using similar experimental settings, we tested whether TGF-β and IL-23 can facilitate CXCR5^+^CD8^+^ T cell differentiation from CD45RA^+^CXCR5^−^CD8^+^ T cells. After three days, the majority (\> 80%) of cells in the culture showed elevated CXCR5 expression ([Figure 3c](#F3){ref-type="fig"}). We also observed elevated CXCR5 expression in sorted naïve CD4^+^ T cell subset (in the same conditions), which is consistent with previous studies ([Supplementary Figure 3b](#SD4){ref-type="supplementary-material"}).^[@R38]^ The induced CXCR5^+^CD8^+^ T cells are functional, as evidenced by their secretion of IFN-γ and TNF-α upon stimulation with PMA/Ionomycin ([Figure 3d](#F3){ref-type="fig"}). Furthermore, we found that ID2 expression was significantly lower in primary and induced CXCR5^+^CD8^+^ T cells compared to CXCR5^−^CD8^+^ T cells ([Figure 3e](#F3){ref-type="fig"}), indicating downregulation of ID2 may be essential for the upregulation of CXCR5 expression.

Inhibition of Tfh cells by CXCR5^+^CD8^+^ T cells {#S9}
-------------------------------------------------

Follicle-resident T~FH~ cells have been suggested to promote immune suppression and tumor growth in human follicular lymphoma via expression of IL-4 and CD40L.^[@R39]^ Due to the anatomic proximity of the two CXCR5^+^ T cell subsets, we evaluated whether CXCR5^+^CD8^+^ T cells affect T~FH~ function. In a co-culture assay with B cells, T~FH~, and CXCR5^+^CD8^+^ T cells, we found that CXCR5^+^CD8^+^ T cells inhibited T~FH~-dependent CD38^+^CD19^int^ plasmablast cell differentiation in a dose-dependent manner ([Figure 3f](#F3){ref-type="fig"}). Transwell assays showed that CXCR5^+^CD8^+^ T cells inhibited T~FH~ function in a cell-cell contact independent manner ([Figure 3f](#F3){ref-type="fig"}). However, it is unknown which soluble factors mediate this function. These results provide novel insights into the cross talk among T~FH~, CXCR5^+^CD8^+^ T cells, and malignant B-cells, and highlight a potential regulatory network in normal lymphoid tissues and in the pathogenesis of follicular lymphoma.

Cytotoxic function of CXCR5^+^CD8^+^ T cells {#S10}
--------------------------------------------

Upon stimulation with PMA and ionomycin, both tonsillar and follicular lymphoma CXCR5^+^CD8^+^ T cells produced markedly more effector molecules such as granzymes, perforin, IFN-γ and TNF-α compared with CD45RA^+^CD8^+^ and/or CXCR5^−^CD8^+^ T cells ([Figure 4a and b](#F4){ref-type="fig"}). In particular, tonsillar CXCR5^+^CD8^+^ T cells expressed high levels of granzymes A/K/M/H, but low levels of perforin and granzyme B, compared with CXCR5^−^CD8^+^ T cells ([Figure 4a and b](#F4){ref-type="fig"}). The increased abundance of effector proteins in CXCR5^+^CD8^+^ T cells correlates well with the elevated expression of EOMES and decreased T-bet ([Supplementary Figure 2a--c](#SD3){ref-type="supplementary-material"}).^[@R40]--[@R43]^ Of note, CXCR5^+^ compartment in follicular lymphoma showed similar expression of granzymes A/B/K and perforin as CXCR5^−^CD8^+^ T cells, which is significantly lower than those in tonsillar CD8^+^ T cells ([Figure 4a and b](#F4){ref-type="fig"}). These results indicate that unlike tonsillar CXCR5^+^CD8^+^ T cells, follicular lymphoma CXCR5^+^CD8^+^ T cells may have impaired cytotoxic capability. The functional distinction between marker-defined cell populations isolated from tonsil versus follicular lymphoma has been reported previously, which demonstrated that T~FH~ cells isolated from follicular lymphoma produce distinct effector molecules than normal follicular T~FH~ cells, although, they both support B cell survival and activation.^[@R20]^

Antitumor function of CXCR5^+^CD8^+^ T cells in vivo {#S11}
----------------------------------------------------

Studies in mice have demonstrated that CXCR5^+^CD8^+^ T cells constitute a memory reservoir for effector cells in the control of viral replications during chronic viral infection and the mechanisms may involve increased secretion of effector proteins^[@R14]^ and/or limiting the abundance of virally infected T~FH~ and B cells.^[@R15]^ To directly test the tumor-killing ability of CXCR5^+^CD8^+^ T cells, we purified follicular lymphoma-infiltrating CD45RA^+^CXCR5^−^ T cells and expanded them ex-vivo with TGF-β and IL-23 (as described in [Figure 3c](#F3){ref-type="fig"} and [Supplementary figure 3a and b](#SD4){ref-type="supplementary-material"}). In a co-culture assay with autologous primary follicular lymphoma tumor cells, we observed that CXCR5^+^CD8^+^ T cells expressed increased CD107a, a functional marker for CD8 T-cell degranulation,^[@R44]^ and mediated increased tumor killing as compared to CXCR5^−^CD8^+^ T cells ([Figure 4c, 4d](#F4){ref-type="fig"} and [Supplementary Figure 3a](#SD4){ref-type="supplementary-material"}).

To assess CXCR5^+^CD8^+^ T cell function *in vivo*, we employed a syngeneic mouse EG7-OVA T-cell lymphoma model. Briefly, ovalbumin-primed OT1-specific CXCR5^+^ and CXCR5^−^ CD8^+^ T cells were sorted by flow cytometry and adoptively transferred into EG7-OVA tumor-bearing TCR^−/−^ mice. We confirmed that immunization with ovalbumin complete Freund's adjuvant stimulated the generation of CXCR5^+^ and CXCR5^−^CD8^+^ T cells ([Supplementary Figure 3c](#SD4){ref-type="supplementary-material"}). Seven days following adoptive transfer, we observed dramatically increased accumulation of CXCR5^+^CD8^+^ T cells with higher proliferative index at the tumor site compared to naïve or CXCR5^−^CD8^+^ T cell subsets ([Figure 4e](#F4){ref-type="fig"} and [Supplementary Figure 3d](#SD4){ref-type="supplementary-material"} upper panel). Of note, the three T cell subsets showed similar proliferation capability in tumor-draining lymph nodes ([Supplementary Figure 3d](#SD4){ref-type="supplementary-material"} lower panel). Collectively, our data indicate that highly proliferative CXCR5^+^CD8^+^ T cells may have increased ability to migrate into the tumor sites. In agreement with our ex-vivo findings with human T cells ([Figure 4c and 4d](#F4){ref-type="fig"}), adoptively transferred CXCR5^+^CD8^+^ T cells expressed higher levels of IFN-γ, and granzymes A and B, compared to naïve or CXCR5^−^ counterparts ([Figure 4f](#F4){ref-type="fig"}). As a consequence, CXCR5^+^CD8^+^ T cells showed significantly enhanced antitumor effects than CXCR5^−^CD8^+^ T cells, as evidenced by delayed tumor growth and improved survival ([Figure 4g](#F4){ref-type="fig"}). Consistent with previous reports, we found that adoptively transferred CXCR5^+^ T cells could lose their surface CXCR5 expression following *in vivo* proliferation, indicating CXCR5 expression is dynamic during T cell activation and differentiation ([Figure 4e, 4f](#F4){ref-type="fig"} and [Supplementary Figure 3d](#SD4){ref-type="supplementary-material"}).^[@R14],\ [@R16]^ Collectively, our data suggest that CXCR5^+^CD8^+^ T cells have augmented tumor-control capability, which may result from both efficient migration to tumor site and enhanced cytotoxic function.

CXCR5^+^CD8^+^ T cells gene signature associated with favorable clinical outcome {#S12}
--------------------------------------------------------------------------------

To determine whether CXCR5^+^CD8^+^ T cells affect clinical outcome in human cancers, we examined the correlation of the CXCR5^+^CD8^+^ T cell gene signature with overall survival using a publicly available gene expression profiling dataset of 187 follicular lymphoma patients that were treated largely with chemotherapy alone.^[@R21]^ Patients were divided into two groups based on the overall expression level of upregulated CXCR5^+^CD8^+^ signature genes. We identified 35 cases in the low expression group (\<25 percentile) and 152 cases in the high expression group (≥ 25 percentile) ([Supplementary Figure 3e](#SD4){ref-type="supplementary-material"}). We found that patients in the high expression group had significantly better overall survival compared to those in the low expression group ([Figure 4h](#F4){ref-type="fig"}), suggesting that abundance of CXCR5^+^CD8^+^ T cells in follicular lymphoma correlates with favorable clinical outcome. Similar analyses were performed with downregulated CXCR5^+^CD8^+^ signature genes, but no correlation with patients' survival was evident. Prior studies by various groups have shown that gene signatures of immune cell subsets derived from healthy donor blood or tonsillar tissues may be used for analysis of tumor tissues including follicular lymphoma and other malignancies.^[@R21],\ [@R45]--[@R47]^ Consistent with these reports and our *in vitro* observations, we found that the gene signature of CXCR5^+^CD8^+^ T cells was able to distinguish follicular lymphoma tumor samples into low and high expression groups and had prognostic significance in these patients. Taken together, these *in vitro* and *in vivo* results suggest that CXCR5^+^CD8^+^ T cells are effective against tumor.

DISCUSSION {#S13}
==========

In this study, we demonstrated the phenotype, transcription and function of CXCR5^+^CD8^+^ T cells in tonsil and follicular lymphoma samples. Relatively little has previously been published about CXCR5^+^CD8^+^ T cells in lymphoma, but a previous study found ICOS^+^CXCR5^+^CD8^+^ T cells in only around 10% of lymphoma samples and not in non-neoplastic samples.^[@R48]^ We found that CXCR5^+^CD8^+^ T cells showed a phenotype similar to Tfh cells and resided in B cell follicles. With a precursor memory phenotype, CXCR5^+^CD8^+^ T cells also exert cytotoxic effects against tumor cells *in vitro* compared with CXCR5^−^CD8^+^ T cells, and suppressed tumor-promoting T~FH~ activities. These characteristics indicated that CXCR5^+^CD8^+^ T cells have the ability to migrate into B cell follicles and proliferate and inhibit tumor cells there. Consistent with *in vitro* data, we found that more CXCR5^+^CD8^+^ T cells infiltrated tumors and showed better tumor inhibition than naïve CD8^+^ T cells and CXCR5^−^CD8^+^ T cells in a lymphoma animal model. In contrast to other studies,^[@R14]--[@R16],\ [@R49]--[@R51]^ we did not find the tumor content of CXCR5^+^CD8^+^ T cells, enumerated by flow cytometry, to be directly associated with clinical outcome or disease status of follicular lymphoma. However, we did find that higher expression of a gene signature of CXCR5^+^CD8^+^ T cells was associated with improved survival.

The strong cytolytic capacity and antitumor effects of CXCR5^+^CD8^+^ T cells, compared to CXCR5^−^CD8^+^ T cells, are likely due to their higher expression of effector molecules such as IFN-γ, TNF-α, and granzymes, consistent with previous studies,^[@R14]--[@R16],\ [@R50],\ [@R52],\ [@R53]^ and their suppression of tumor-promoting T~FH~ activities. However, production of GZMB and perforin by CXCR5^+^CD8^+^ T cells did not differ from that of their negative counterpart; the significance of this is uncertain from previous studies.^[@R14]--[@R16],\ [@R49],\ [@R50]^ We found that CXCR5^+^CD8^+^ T cells from benign tonsils expressed higher levels of GZMA, K, M and H; therefore, these granzymes might be more likely than GZMB to be involved in the stronger cytotoxicity of CXCR5^+^CD8^+^ T cells. However, GZMA and GZMK expression was the same for follicular lymphoma tumor infiltrating CXCR5^+^ and CXCR5^−^ T cells. More samples are needed to address issues related to the killing capacity of CXCR5^+^CD8^+^ T cells, especially since it may be affected by stimulus, tissue origin, disease, and host or patients' status and species.

We also demonstrated that CXCR5^+^CD8^+^ T cells could be induced *in vitro* from naïve CD8^+^ T cells in the presence of TGF-β and IL-23, as previously shown for CD4^+^ T cells,^[@R38]^ suggesting the possibility that the efficacy of adoptive T cell therapy approaches might be improved by differentiating CD8^+^ effector T cells into a CXCR5^+^ phenotype. Furthermore, we and other researchers found that CXCR5^+^CD8^+^ T cells characteristically express several genes from the Wnt signaling pathway,^[@R14]^ associated with self-renewal and stem cell like functions. However, we found that TGF-β could not induce CXCR5 expression from mouse naïve CD8^+^ T cells, similarly found for CD4^+^ T cells by a previous study.^[@R38]^ From these studies, it also seems that CXCR5 expression, function and development on T cells are more complex in primates than in rodents.

PD-1 is expressed on CXCR5^+^CD8^+^ T cells, but the implications of that are uncertain. In mice with LCMV chronic infection, which is used as a model of T-cell exhaustion, two studies reported that CXCR5^+^CD8^+^ T cells expressed less PD-1 than did CXCR5^−^CD8^+^ T cells;^[@R14],\ [@R16]^ in contrast, other studies have found PD-1 expression by both CXCR5^−^ and CXCR5^+^ CD8^+^ T cells, with slightly higher expression by the latter, consistent with our findings.^[@R15],\ [@R49],\ [@R50]^ Jiao found that PD-1/PD-L1 blockade in HIV infection enhanced the function of CXCR5^−^CD8^+^ T cells while inhibiting that of CXCR5^+^CD8^+^ T cells.^[@R50]^ Their study suggests that our finding of higher PD-1 expression by CXCR5^−^CD8^+^ T cells from follicular lymphoma, as compared to that of CXCR5^−^CD8^+^ T cells from reactive tonsil samples, may indicate exhaustion.

Rather than being a marker of exhaustion, however, PD-1 expression by CXCR5^+^CD8^+^ T cells may be related to their association with follicles. PD-1 expression is characteristic of Tfh cells, which are concentrated toward germinal centers by interaction of their PD-1 with PD-L1 expressed by bystander B cells.^[@R54]^ Therefore, PD-1 and PD-L1 interaction may also enrich CXCR5^+^CD8^+^ T cells toward B cell follicles. However, this study found that PD-1 suppressed follicular T cell recruitment through inhibiting PI3K.^[@R54]^ Further study is needed to address PD-1 function on CXCR5^+^CD8^+^ T cells, particularly as regards the effect of blocking antibodies, and whether the loss of CCR7 expression and ICOS/ICOSL interaction facilitates movement of CXCR5^+^CD8^+^ T cells into follicles or germinal centers and/or their retention there.

We found that CXCR5^+^CD8^+^ T cells express a set of unique transcription factors consistent with their function. EOMES, T-bet, Blimp-1 (encoded by PRDM1), and BCL6 are transcriptional factors with reciprocal antagonistic effects (EOMES vs T-bet, Blimp-1 vs BCL6) in the function and lineage differentiation of CD8^+^ T cells.^[@R55]--[@R60]^ The balance among these transcription factors determines T cell fate towards terminal differentiation versus development of memory T cells.^[@R41],\ [@R42],\ [@R55],\ [@R57],\ [@R58],\ [@R61]^ The EOMES^hi^T-bet^dim^ features of CXCR5^+^ cells support these cells as an early memory phenotype. By contrast, during chronic infection, EOMES^hi^CD8^+^ T cells have been suggested to associate with terminally differentiated progeny with increased cytotoxicity;^[@R40]^ whether a similar phenotype is present during acute infection or tumor settings is unclear.

The plasticity and stability of CXCR5 expression by CD8^+^ T cells is another feature that needs further study, especially with respect to the potential for adoptive cell therapy. CXCR5 expression is a dynamic process in chronic viral infection.^[@R14]--[@R16],\ [@R49]^ We found that transferred CXCR5^+^CD8^+^ T cells could become CXCR5^−^CD8^+^ T cells, consistent with a previous study.^[@R14]--[@R16],\ [@R49]^ Also, transferred CXCR5^+^CD8^+^ T cells proliferated significantly and were enriched within tumors, indicating strong killing ability.
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![CXCR5^+^CD8^+^ T cells in human tonsils and follicular lymphoma. (**a**) Percentages of CD45RA^−^CXCR5^+^CD8^+^ T cells among total CD8^+^ T cells as determined by flow cytometry in peripheral blood mononuclear cells (PBMC) from normal donors (ND; n=7) and patients with follicular lymphoma (FL; n=10), as well as single cell suspensions of normal human tonsils (n=17) and lymph node biopsies from patients with FL (n=20). Bars represent median. (**b**) CXCR5 expression on different lymphocyte subsets (CD3^−^ lymphocytes (mostly B cells), CD3^+^ T cells and CD3^+^CD8^+^ and CD3^+^CD8^−^(CD4^+^) T cells) in human tonsil and follicular lymphoma samples. Representative pseudo-color plots and mean fluorescent intensity (MFI) of CXCR5 expression in different lymphocyte subsets are shown. Bars represent median. (**c**) Confocal microscopic analysis of CD8 (green) and CXCR5 (red) expression in representative tonsil sample. White broken lines indicate the borders between T cell zone (TZ), mantle zone (MZ), and germinal center (GC) in B cell follicle. Arrows indicate CXCR5^+^CD8^+^ T cells. Inset (right) shows magnification (60×) of the area outlined in the main image (left). Scale bar, 100 μM. (**d**) CD45RA (bottom) and CCR7 (top) expression on CD8^+^ T cell subsets (CD45RA^+^CXCR5^−^CD8^+^, CD45RA^−^CXCR5^−^CD8^+^, CD45RA^−^CXCR5^+^CD8^+^) in tonsil and follicular lymphoma samples. Results are representative of 5 independent samples each.](nihms-1523597-f0001){#F1}

![Expression of activation markers and transcriptional profile of CXCR5^+^CD8^+^ T cells. (**a**) Expression of activation markers was determined by flow cytometry on CD8^+^ T cell subsets in tonsil and follicular lymphoma samples. Representative histograms overlays of CD45RA^+^CXCR5^−^CD8^+^ (grey), CD45RA^−^CXCR5^−^CD8^+^ T cells (blue), and CD45RA^−^CXCR5^+^CD8^+^ (red) are shown. (**b**) CD45RA^+^CXCR5^−^CD8^+^, CD45RA^−^CXCR5^−^CD8^+^, and CD45RA^−^CXCR5^+^CD8^+^ T cell subsets were sorted by flow cytometry from two different tonsil samples and RNA-Seq was performed. Heat map of 77 (33 upregulated and 44 downregulated) differentially expressed genes in CXCR5^+^ cells versus other two CD8^+^ T cell subsets is shown. (**c**) Heat maps showing relative expression of selected genes of interest in the three different CD8^+^ T cell subsets from tonsil samples.](nihms-1523597-f0002){#F2}

![Expression of transcription factors and induction of CXCR5^+^CD8^+^ T cells. (**a**) Heat map illustrating the relative expression of key transcription factors from RNA-Seq data in CD45RA^+^CXCR5^−^CD8^+^, CD45RA^−^CXCR5^−^CD8^+^, and CD45RA^−^CXCR5^+^CD8^+^ T cell subsets from tonsil samples. (**b**) mRNA expression of transcription factors determined by quantitative PCR in the three CD8^+^ T cell subsets. Experiments were repeated at least three times. (**c**) CD45RA^+^CXCR5^−^CD8^+^ T cells (left plot) were sorted from human tonsils and stimulated with anti-CD3 and anti-CD28 antibodies, and cultured with TGF-β and IL-23 for 2--3 days. Surface expression of CXCR5 was determined by flow cytometry (right plot). (**d**) CXCR5^+^CD8^+^ T cells were induced as described in (**c**), and stimulated with PMA/Ionomycin for 5 hours with Brefeldin A added for last 3 hours. Production of IFN-γ and TNF-α was determined by intracellular staining and flow cytometry. (**e**) ID2 expression was determined by qPCR in CD45RA^−^CXCR5^−^CD8^+^ (blue) and CD45RA^−^CXCR5^+^CD8^+^ T cells (red) sorted from human tonsil and CD45RA^−^CXCR5^+^CD8^+^ T cells (orange) induced *in vitro* as in (**c**). Data represents 3 independent experiments. (**f**) Memory B cells sorted from human tonsils were stimulated with SEB and co-cultured in the presence or absence of sorted autologous T~FH~ and/or CXCR5^+^CD8^+^ T cells. Differentiation of memory B cells into CD38^+^CD19^int^ plasmablast cells was determined by flow cytometry after 9 days of co-culture. TW (transwell) indicates cells in the transwell chamber. Ratios of T~FH~:CXCR5^+^CD8^+^ T cells are shown in parentheses. Representative data from one of 6 independent experiments is shown.](nihms-1523597-f0003){#F3}

![Functional features of CXCR5^+^CD8^+^ T cells in human tonsil and follicular lymphoma samples. (**a**) Intracellular expression of cytokines, granzymes, and perforin were determined in the three CD8^+^ T cell subsets (CD45RA^+^CXCR5^−^CD8^+^, CD45RA^−^CXCR5^−^CD8^+^, and CD45RA^−^CXCR5^+^CD8^+^) isolated from human tonsils (n=5--11) and follicular lymphoma (n=4--6) after stimulation with PMA/Ionomycin as in [figure 3 d](#F3){ref-type="fig"}. (**b**) Granzyme H expression in the three CD8^+^ T cell subsets of human tonsils was analyzed by qPCR. Results are representative of three independent experiments. (c-d) Purified CD45RA^+^CXCR5^−^CD8^+^ T cells from follicular lymphoma samples were activated as described in [Figure 3 c](#F3){ref-type="fig"} and sorted based on CXCR5 expression. Sorted T cell subsets were then co-cultured with autologous tumor cells at the indicated effector : target (E:T) ratios as shown in [Figure S3 a](#SD4){ref-type="supplementary-material"}. The absolute number (left panel) and percentage (right panel) of CD107a/b^+^ subset in CXCR5^−^CD8^+^ and CXCR5^+^CD8^+^ T cells are shown (**c**). Absolute numbers of dead tumor cells were determined using counting beads, and values are shown for E:T ratio of 10:1 (**d**). Results are representative of 3 independent experiments (**c-d**). (**e-g**) C57BL/6 mice injected with EG7-OVA cells on day 8 were treated with the indicated CD8^+^ T cell subsets on day 7. The abundance of CD3^+^CD8^+^ T cells (**e**), their expression of IFN- γ, IL-2, granzyme A and B (**f**) in tumor (TILs) and tumor draining lymph nodes were analyzed. Tumor sizes (left) and survival (right) were monitored (**g**). Summary data from two independent experiments is shown. (**h**) Kaplan-Meier curves for overall survival in patients with follicular lymphoma with low (\< 25 percentile) or high expression (≥ 25 percentile) of upregulated CXCR5^+^CD8^+^ T cell signature genes are shown. P value was calculated using log-rank test.](nihms-1523597-f0004){#F4}

###### 

Primers used for quantitative PCR.

  Gene                 Primer sequence
  -------------------- -----------------------------
  *Eomes* sense        5'-CTCTGTGGCTCAAATTCCAC-3'
  *Eomes* anti-sense   5'-TGGGATTGAGTCCGTTTATG-3'
  *Tbx21* sense        5'-GTGACCCAGATGATTGTGCT-3'
  *Tbx21* anti-sense   5'-ATATGCGTGTTGGAAGCGT-3'
  *Prdm1* sense        5'-TACCTGGTACACACGGGAGA-3'
  *Prdm1* anti-sense   5'-GAGATTGCTGGTGCTGCTAA-3'
  *Bcl6* sense         5'-ACCCACAGTGACAAACCCTAC-3'
  *Bcl6* anti-sense    5'-GGTTTCTCACCGGTATGGAC-3'
  *Id2* sense          5'-CAACACGGATATCAGCATCC-3'
  *Id2* anti-sense     5'-CACACAGTGCTTTGCTGTCA-3'
  *Id3* sense          5'-CGCGTCATCGACTACATTCT-3'
  *Id3* anti-sense     5'-GATGACAAGTTCCGGAGTGA-3'
  *Runx1* sense        5'-CCGCAGCCATGAAGAACCAG-3'
  *Runx1* anti-sense   5'-TCTGCCGATGTCTTCGAGGT-3'
  *Runx2* sense        5'-CAGTAGATGGACCTCGGGAA-3'
  *Runx2* anti-sense   5'-CCTAAATCACTGAGGCGGTC-3'
  *Lef1* sense         5'-ACAGATCACCCCACCTCTTG-3'
  *Lef1* anti-sense    5'-TGAGGCTTCACGTGCATTAG-3'
  *Tcf7* sense         5'-TCTGCTCATGCATTACCCAC-3'
  *Tcf7* anti-sense    5'-AGAGAGAGAGTTGGGGGACA-3'
  *Gzmh* sense         5'-TCTCAGGCTACCTAGCAGCA-3'
  *Gzmh* anti-sense    5'-CTTCTGCACTGTCAGCAACA-3'
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